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Abstract

Introduction

A major research
effort in high-temperature
oxide superconductors
is the growth of high-quality
thin-films.
The
physical
properties
of
polycrystalline
thin-films
are controlled
by their
microstructure
which is influenced
by the early
stages of film growth and the establishment
of
epitaxy.
In this
article,
the nucleation
and
heteroepitactic
growth of YBa2Cu307_ 0 thin-films is
reviewed.
Many of the examples illustrating
film
growth
will
be
taken
from
studies
using
transmission
electron microscopy.
The importance
of the substrate surface in controlling
film growth
will be discussed,
in particular
the growth
of
YBa2Cu307_ 0 films
on vicinal
MgO surfaces,
enabling
the
formation
of
highly-oriented
microstructures
on a substrate where there is a large
lattice mismatch.
In this case, film growth
is
described as a form of graphoepitaxy,
and models
will be presented to show the mechanism for film
growth
and also how the lattice misfit can be
reduced by small rotations
of the YBa2Cu307_ 0
lattice.

Since the discovery in 1986 of high-temperature
superconductivity
in oxide ceramics [4], there has
been extensive research in this field. This research
effort has been directed into a number of areas-the
formulation
of new materials
with increasing
transition
temperatures,
fabrication
of existing
materials into various forms and investigation
of
possible device applications.
At the present time,
the YBa2Cu307_ 0 material has received the most
attention.
Superconductivity
in this material was
discovered in 1987 [62]. In this present article, the
growth and microstructure
of YBa2Cu307_ 0 thinfilms will be reviewed.
Superconducting
thin-films
of YBa2Cu307_ 0
have been fabricated
using a number of different
techniques
including
electron-beam
evaporation
[e.g., 28), sputtering
[e.g., 64), chemical-vapor
deposition [e.g., 9] and pulsed-laser
ablation [e.g.,
10]. Films have been deposited onto a number of
different
substrates,
including
single-crystals
of
MgO [e.g.,
50), SrTi03 [e.g.,
17] and LaAI03
[e.g., 52] and polycrystalline
substrates
of MgO
[26] and yttria-s tabil ized zi rconia (Y SZ) [29]. The
choice of substrate has mainly been determined by
two criteria:
i) The epitactic
films should
have a high
transition
temperature
and a high critical
curren l.
ii) The substrate should be suitable for device or
technological
applications.
These two criteria are not both satisfied
for
many of the systems which have been studied. For
example
YBa2Cu307_ 0 thin-films
deposited
on
SrTi03 (where the lattice mismatch is -2%) have
been shown
to have a very high degree
of
crystalline
perfection,
as determined
by ionchanneling
in
Rutherford
backscattering
spectrometry
(RBS) studies [63]. However, SrTi03
has a very high dielectric constant (>300 at 20°C),
which precludes its usefulness
in many microwave
device
applications.
In
some
cases,
the
microstructure
produced on a substrate which has a
large lattice mismatch, e.g., MgO (lattice mismatch
-9%)
may in itself
be useful.
Thin-films
of
YBa2Cu307_ 0 produced
on MgO contain
many
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Fig. 1. Three forms of epitactic growth: a) layerby-layer growth; b) formation
and growth from
discrete nuclei; c) initial formation
of a tightly
bound layer followed
by nucleation
and growth
(redrawn after M.J. Stowell [54))

a

naturally
occurring
weak-linkshigh-angle
grain
boundaries.
It is well known that grain boundaries
in YBa2Cu307_ 0 thin-films
have superconducting
weak-link
properties
which
can,
at
least
approximately,
be described
by the Josephson
equations,
and that these properties are dependent
on the orientation
of the two grains [ 11, 49]. By
studying
naturally occurring
grain boundaries
in
polycrystalline
superconducting
thin-films,
insight
into the nature of the Josephson-like
properties of
high-temperature
superconducting
weak-links
can
be obtained [ 18].
In a polycrystalline
thin-film, the microstructure
is important in determining
a number of physical
properties.
The microstructure
of the film is
determined, at least in part, by the nucleation and
early stages of film growth. The substrate exerts an
important influence during the early stages of film
growth
through
the establishment
of epitaxy.
Important factors at this stage include the lattice
mismatch between the film and substrate and the
bonding of the deposit atoms with the substrate.
Epitaxy may also be influenced
by the substrate
temperature during deposition, and other parameters
associated with film deposition.

Fig. 2. (a). A coherent
interface
with slight
mismatch leads to coherency strains in the adjoining
lattices
(redrawn
after D.A. Porter
and K.E.
Easterling,
Phase Transformations
in Metals and
Alloys, (Van Nostrand Reinhold, New York 1981)
(b). A semicoherent interface. The misfit parallel to
the interface is accommodated
by a series of edge
dislocations
(redrawn after D.A. Porter and K.E.
Easterling,
Phase Transformations
in Metals and
Alloys, (Van Nostrand Reinhold, New York 1981)
misfit [15]. The lattice mismatch between the film
and substrate leads to a strain energy that serves as
the driving force for cluster generation in many
cases [15]. Therefore, for systems where there is a
non-zero misfit, the most likely growth modes are
either the formation of clusters on a bare substrate
(Volmer-Weber
mode) or on a few layers of
uniform film (Stranski-Krastanow
mode).
In all cases, it is possible for the initial deposit
to be elastically strained to match the substrate; this
is referred
to as 'pseudomorphic'
growth.
The
dominant
condition
for the occurrence
of this
growth mode is that the strain necessary to ensure
coherency at the film/substrate
interface is small.
Initially the deposit will be elastically strained as
shown schematically
in Fig. 2a, but as the film
thickens misfit dislocations will be introduced since
the strain energy becomes so large that it is
favorable
to introduce
misfit dislocations
at the
interface,
so losing coherency [54]. The situation
where misfit dislocations
have been introduced at
the interface is shown schematically in Fig. 2b.
A Technique for Examination of Film Nucleation and the
Early Stages of Growth. The two principal techniques
that have been used to study the early stages of film
growth and ultra-thin
films of YBa2Cu307. 0 are
Rutherford
backscattering
spectrometry
(RBS) and
transmission
electron microscopy
(TEM). Before

Nucleation
Growth Modes. Because the mode of growth of an
epitactic thin film has an important influence on the
final microstructure
of the film and on the types and
amount of defects formed, it is relevant to review,
very briefly, some of the prominent features of
epitactic growth mechanisms.
For a more detailed
account of epitactic growth the reader is referred to
the book edited by Matthews [19]. Three forms of
epitactic growth are shown schematically in Fig. 1;
these are a) layer-by-layer
growth (Frank-Van der
Merwe mode),
b) formation
and growth
from
discrete nuclei (Volmer-Weber
mode) and c) initial
formation
of a tightly bound layer (or layers)
followed
by nucleation
and growth
(StranskiKrastanow mode).
Layer-by-layer
growth will only occur when
there is a strong interaction between the film atoms
and the substrate atoms. Even in the case where
there is strong interphase atomic bonding, layer-bylayer growth is only effective up to a limited film
thickness for systems where there is a non-zero
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[010]

Fig. 4. The early stages of film nucleation and
growth. The arrows indicate deposit islands aligned
along the surface steps.
Fig. 3. Bright-field
image of an annealed MgO thinfoil substrate.
Arrows show a series of contrast
changes
which
indicate
a different
thickness,
therefore a series of steps on the surface.

of YBa2Cu3O7_ 0 films and the importance of the
substrate surface on film growth. Fig. 4 shows a
bright-field
image of an MgO thin-foil substrate
recorded close to the [001] zone axis showing
islands of YBa2Cu3O7_ 0 which have formed on the
(001)-surface
during the early stages of growth
[35,42].
Film deposition
was by pulsed-laser
ablation; the amount of material deposited onto the
individual substrates was controlled by controlling
the number
of laser
pulses.
The deposition
conditions
for all experiments
were as follows;
substrate
temperature
670°C,
growth
rate
0.03nm/pulse,
oxygen
pressure
350-400
mTorr.
The preferential
nucleation of the islands at the
surface steps is illustrated
by arrows in Fig. 4.
Selected-area
diffraction
(SAD) patterns recorded
from such samples showed that the [001] zone axes
of the substrate
and the individual
islands were
aligned.
It has been proposed
[35,42]
that the
alignment
of the YBa2Cu3O7_ 0 nuclei with the
surface
steps
increases
the perfection
of the
alignment observed
between the different
grains
during film growth.
This pre-annealing
is thus
important for the formation of high-quality
ultrathin-films
[63]. The deposition
of films onto a
substrate
consisting
of a series of steps is an
example of graphoepitaxy,
the alignment during
epitactic growth being controlled
by the surface
topography [35,42].
Importance of the Substrate Surface. The observation
of growth at steps shows that the topography of the
substrate
surface is important in influencing
the
early stages of film growth. Two further examples
of the importance
of the substrate
surface are
illustrated
below. The first example shows the
importance
of the substrate preparation procedure
[21,22,24,25].
The second example shows how by
formation of a well-defined step structure on a bulk
substrate the formation of oriented films can be
obtained [26].
The surface quality of SrTiO3 substrates
was
examined by RBS ion-channeling
studies [22]. In
this study, it was shown that the surface quality of
polished substrates
could be improved by hightemperature
annealing.
For SrTiO3 substrates
the
annealing
was performed
at 950°C for 1hr in

discussing
the findings of these two techniques it
will be useful to review the specimen preparation
technique for TEM analysis. The technique enables
observation
of thin-film and near-surface effects in
ceramics, without the need for any post-deposition
specimen preparation.
It has been used not only for
observing
the
heteroepitactic
growth
of
YBa2Cu3O7_ 0 thin-films
[e.g., 41]. but also for
studying
other
thin-film
oxide
heterojunctions
[e.g.,
32,61].
The technique
uses a specially
prepared
electron-transparent
thin-foil
as
the
substrate
material.
Depos i lions can be performed
directly onto the thin-foil substrate,
which can be
transferred
directly from the deposition chamber to
the electron
microscope,
thereby
avoiding
any
possibility
of defect introduction
during
postdeposition
specimen
preparation.
It has been
demonstrated
that specimen preparation methods for
TEM analysis (e.g., polishing,
dimpling and ionmilling) can introduce
defects into YBa2Cu3O7_ 0
materials [e.g., 51].
The
details
of
preparing
these
thin-foil
substrates
has been discussed
elsewhere
[39].
Briefly,
the thin-foil
specimens
are
initially
prepared using standard methods. After ion-milling
to perforation,
the thin-foils are chemically cleaned
and then annealed. The high-temperature
annealing
produces a surface consisting of a series of welldefined terraces and steps. An example of such a
surface on (001)-oriented
MgO is shown in the
bright-field
image in Fig. 3. The surface steps give
rise to a series of discrete contrast changes. Each
level of contrast indicates a step terrace bound by
step planes.
These relatively
wide terraces
and
long, well-defined
steps provide an ideal surface
for examination
of the early stages of thin-film
growth. Such surface structures can be formed on
many oxide [e.g., 39] and nonoxide ceramics [20].
Observation of Film Nucleation. Film deposition
directly
onto the thin-foil
substrates
has given
valuable information on both the growth mechanism
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oxygen. At an annealing temperature of l l00°C for
10 minutes,
it was
shown
by TEM
that
reconstruction
of the (001)-surface
of SrTi03 had
occurred and surface steps had formed [39). For
MgOsubstrates,
annealing at>ll00°C
was found to
improve
the surface
quality
of the substrate
[21,25).
An examination
of the microstructure
and
properties
of YBa2Cu307_ 0 films deposited
by
pulsed-laser
ablation
onto
single-crystal
MgO
substrates prepared in different ways illustrates the
importance
of the surface
preparation
[24). The
subs tr ates were prepared in three ways; chemically
polished,
mechanically
polished,
mechanically
polished and then annealed at 1100-1200°C for 1224hr. The YBa2Cu307_ 0 films were deposited under
identical
conditions
using pulsed-laser
ablation.
The microstructure
and crystalline
quality of the
deposited films was very different depending on the
substrate
pre-treatment.
Films
grown
on
chemically-polished
substrates
contain
a large
number of grains which are rotated about the [001)
zone axis.
These
rotations
give rise
to tilt
boundaries
with angular misorientations
of 45°,
27°, 16°, 9° and ~1°. All of these angles can be
accounted
for by preferred
epitactic
relations
between the film and the substrate surface [e.g.,
59). For films deposited on mechanically-polished
substrates,
the pole-figure analysis indicated a 1020% density
of rotated
grains
occurring
at a
misorientation
angle of ~45°. For YBa2Cu307_ 0
films grown on annealed
MgO, the pole-figure
analysis presents no evidence of any high-angle tilt
boundaries - the a- and b-axes of the film were
aligned
with the substrate
crystal
axes.
X-ray
rocking-curve
measurements
yield
further
information
on the crystalline
quality of films
deposited on the different substrates,
as shown in
Table I alongside
ion-channeling
measurements
from the same films. Also shown in Table I are
transition
temperatures
and
critical
currents
determined for the individual films.
The presence of steps on a surface is important
in a number of different situations.
For example,
they provide active sites for catalysis and influence
surface
diffusion
processes
[57).
They
also
influence
properties
which are affected by point
defects
such as segregation
and also provide
sources and sinks for the vacancies which produce
the surface space charge in ionic materials.
The
presence of steps on the surface of a thin-foil
substrate
was shown to provide preferential
sites
for island nucleation [35,42). The ideas developed
from those previous studies were carried over to
bulk substrates,
where the growth of YBa2Cu307_ 0
thin-films on vicinal MgO was investigated
[26). A
vicinal
surface
may
be
defined
as
one
'approximating,
resembling, or taking the place of a
fundamental
crystalline
form or face' [58), i.e., a
vicinal surface can be thought
of in terms of
terraces parallel to low-index,
low-energy
planes
and steps [57). For MgO, which has the rocksalt
structure,
the surface with the lowest energy is
(001), which is also the cleavage plane. Fig. 5
shows
a schematic
representation
of a vicinal
surface formed on MgO. The surface consists of
(001) terraces,
at an angle 0 to the original
substrate surface, which are bound by steps. The
steps have height h and are themselves
parallel to
( 100) planes.

Table I. A summary of the results of the structural
and superconductivity
measurements
made on films
on various MgO substrate
surfaces.
All the films
were deposited by pulsed-laser
ablation using the
same deposition parameters.
Substrate
Preparation

Tc (R=O)

62%

Rocking
curve
analysis
on (005)
peak
(FWHM)
1.02·

18.7%

o.n°

83 - 86

18.0%

0.30°

87.5 88.5

RBS
analysis
Xmin

Chemicallypolished
Mechanically
-polished
Annealed

(K)

Jcat 77K

(la6

A/cm 2)

82.5 - 84

0.0032 0.025
0.5 - 3.3
3.4 - 6.0

Step height. h

Fig. 5. Schematic
representation
of a stepped
surface.
The step height is h and the angle of
deviation from the low-energy (001) surface is 0.
There are three very significant
differences
between the microstructure
of YBa2Cu307_ 0 films
formed on vicinal MgO and those formed on (001)oriented
MgO. For the films grown on vicinal
surfaces the c-axis of the YBa2Cu307_ 0 tends not to
be parallel to the [001) axis of the substrate.
X-ray
rocking-curve
measurements
show that, for small
vicinal angles,
there was a large mosaic spread
indicating that some grains are misoriented towards
the (001)
direction
of the substrate
[26,56].
However,
no evidence
was found
for grains
oriented parallel to the substrate [001) direction. It
is interesting
to note that as the vicinal angle
increases there was a reduction in mosaic spread.
The significance
of this observation
is discussed
later.
X-ray pole-figure
analysis indicated that there
were no high-angle
grain boundaries
present
in
YBa2Cu307_ 0 films grown on MgO where
the
vicinal angle was 5°. The film microstructure
as
examined
by TEM was very different
from that
observed for YBa2Cu307_ 0 films grown on (001)oriented MgO. YBa2Cu307_ 0 films grown on (001)oriented
MgO
typically
have
the
mosaic
microstructure
[e.g., 35,45), as illustrated in Fig. 6
where the c-axis oriented grains are equiaxed with a
diameter up to ~lµm.
The mosaic
microstructure
is common
for
YBa2Cu307_ 0 films grown on substrates
where
there is a large lattice mismatch [e.g., 60). Fig. 7
shows
a bright-field
image of a thin-film
of
YBa2Cu307_ 0 grown on vicinal MgO, where the
vicinal angle was 5°. The microstructure
consists of
c-axis oriented grains, which have a much larger
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Fig. 7. Bright-field
image of a YBa2Cu307_ 0 thinfilm formed on 5° vicinal MgO. The predominant
direction of the grain boundaries
is indicated by
arrows.
Fig. 6. Bright-field
image of a YBa2Cu307_ 0 thinfilm formed on (001)-oriented
MgO. The presence
of twins (T) and grain boundaries (G) in the film
are indicated.

Growth
of YBa2Cu307_ 0 on SrTi03
has been
proposed to occur by both layer-by-layer
and island
growth. These differences
may be due, in part, to
different
deposition
techniques
or to different
deposition
conditions
such
as
the
substrate
temperature.
For films deposited
by sputtering,
both the STM and XRD studies indicate film growth
by an island mechanism.
However,
YBa2Cu307_ 0
films deposited
by activated reactive evaporation
were reported
to be formed in a layer-by-layer
fashion.
This growth mechanism
has also been
proposed [63) to explain the good superconducting
properties obtained with ultra-thin (-3nm) films of
YBa2Cu307_ 0 grown
on SrTi03
by inverted
cylindrical magnetron sputtering.
Considerati.on of
the atomic bonding and lattice misfit would suggest
that the growth
of YBa2Cu307_ 0 thin-films
on
SrTi03 would occur by an island mechanism.
Fig.
8 shows
a thin
(-12nm)
film
of
YBa2Cu307_ 0 which has been deposited by pulsedlaser ablation on a thin-foil specimen of (001)oriented SrTi03. The film appears to be continuous
and smooth. No moire fringes or dislocations
are
apparent in the image suggesting that film growth is
pseudomorphic,
at least at thicknesses < 12nm. This
observation
is supported
by RBS ion-channeling
studies on YBa2Cu307_ 0 thin-films on SrTi03 [63),
which showed that the films were slightly strained.
The strain was directly observed in a 9nm-thick
film by channeling
at an angle of 45° from the
surface normal, but was not found in films with
thicknesses > 13nm.
The growth of YBa2Cu307_ 0 films on MgO was
found to occur by an island mechanism
[e.g.,
16,35,37,41,42,55]
as can be seen in Figs 9a and
9b. The bright-field
and dark-field images show a
thin (-12nm)
YBa2Cu307_ 0 film which has been
deposited
directly
onto a thin-foil
substrate
of
(001)-oriented
MgO. It can be seen from the brightfield image, Fig. 9a, that the film is not continuous
at this stage of growth, but it is interconnected.
Different
grain
morphologies
are
visible;
a
contiguous area which comprises the majority of the
film and needle-shaped
grains,
identified
by
arrows, which are aligned in orthogonal directions

aspect ratio than that observed
in Fig. 6. The
predominant
direction of the grain boundaries
is
shown by arrows in Fig. 7.
This microstructure
can be described
by a
growth mechanism
where the step edges act as
nucleation sites. The alignment of the islands with
the
step
edges
prevents
in-plane
rotational
misalignment,
which would occur if the islands
were not constrained,
enabling formation of these
long grains [38). Growth on vicinal surfaces is
another illustration of graphoepitaxy.
This process
enables growth of highly oriented microstructures
on a substrate
which is not lattice matched. The
surfaces
produced to date have been formed by
high-temperature
annealing of a substrate which has
been polished at an angle away from a low-index
plane [26). It would be very interesting
to grow
YBa2Cu307_ 0 thin-films
on a substrate
where
lithographic
techniques had been used to form the
steps. Such a process might result in more regularly
spaced and more uniform steps.

Heteroepitaxy and the Early Stages of Film Growth
The Early Stages of Film Growth-Ultra-Thin
YBa2Cu307_ 0 Films. The early stages of film growth
(ultra-tfiintilms)
have been studied primarily on
two substrate materials-MgO
and SrTi03. TEM is
an ideal technique
for studying
these ultra-thin
films due to its nanometer resolution and analytical
capability. The specimen preparation technique for
TEM analysis, as described above, has been used to
study the early stages of growth of YBa2Cu307_ 0
films by pulsed-laser
ablation on (001)-orientations
of MgO, SrTi03 and LaAl03 substrates [31). Other
techniques
used to determine the nature of film
growth
have
included;
reflection
high-energy
electron
diffraction
(RHEED)
[e.g.,
3), x-ray
diffraction
(XRD) [e.g.,
65) and more recently
scanning
tunneling
microscopy
(STM) [14, 16).
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Fig. 10. (a) SAD pattern showing alignment of the
[001) zone axes of YBa2Cu3O7_0 and MgO ( b)
corresponding
schematic.
Fig.
8.
Bright-field
image
showing
a
YBa2Cu3O7_ 0 film on (001)-oriented
SrTiO3.

thin

v.
-~-••L
;

i1'200nm

Fig. 11. Thin YBa2Cu3O7_ 0 film showing moire
fringes in the images of the islands. The labelled
areas correspond
to regions
where terminating
moire fringes are visible, these are described in the
text.

Fig. 9. (a) Bright-field image of YBa2Cu3O7_ 0 thinfilm on (001)-oriented
MgO, and (b) dark-field
image from the same area. The dark-field image was
formed using a ( 110) reflection from the film, thus
the film appears bright, whilst the substrate areas
are dark.

is qualitatively
similar to that observed for ultrathin films grown on MgO by single-target off-axis
magnetron
sputtering
[55), where it was further
demonstrated
that YBa2Cu3O7_ 0 films grow on MgO
substrates
by an island mechanism. Cross-section
TEM studies of these films confirmed that the areas
between
the islands
are indeed bare substrate,
confirming
the earlier
postulate
[41).
Taken
together these studies indicate that YBa2Cu3O7_0
film growth on MgO occurs by a Volmer-Weber
growth mode, as shown schematically in Fig. lb.
The island growth mechanism of YBa2Cu3O7_ 0 on
MgO has recently been confirmed by STM studies

along the [O I OJ and [ 100) crys ta! axes of the Mg 0.
The dark-field
image shown
in Fig. 9b, was
recorded
using
a { 110} reflection
from the
YBa2Cu3O7_0 crystal lattice, so the bright areas
correspond
to epitactic areas of the film, whilst the
dark areas are either bare substrate or grains in a
different
orientation
or
having
a different
composition.
A SAD pattern recorded
from the
above area is shown in Fig. 10a and schematically
in Fig. 10b. From the SAD pattern the film appears
to be oriented exclusively
with the c-axis of the
YBa2Cu3O7_ 0 perpendicular
to the (001) surface of
the MgO, no indication of the presence of any other
grain orientations
is visible. (By using much longer
exposure
times for the diffraction
patterns very
faint reflections
from these other grains are visible
[34)). The different
grain morphologies
can be
explained
if the grains grow fastest in directions
normal to the c-axis. This anisotropic
growth of
YBa2Cu3O7_ 0 will be discussed later.
The microstructure
observed for YBa2Cu3O7_ 0
thin-films
grown on MgO by pulsed-laser
ablation

[ 16).

Defect Introduction During Film Growth. Examination
of the YBa2Cu3O7_ 0 islands shown in Figs 9a, and
9b, indicated that a number of the islands were
rotationally
misaligned
about the [001) zone axis
[31). This misalignment
is attributed to the large
lattice mismatch between MgO and YBa2Cu3O7_ 0
[41).
Examination
of the islands
at higher
magnification
shows the presence of moire fringes
in the image of the islands as illustrated in Fig. 11.
Moire
fringes
arise
from the interference
between diffracted beams (double diffraction) from
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Fig. 12. A schematic
representation
showing
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Fig. 13. Mechanism for the accommodation
of the
lattice misfit in a c-axis oriented grain ( upper Fig.),
and an a-(or b-) axis oriented grain (lower Fig.).

the MgO and YBa 2 Cu3O7_ 0 crystals and in the
bright-field
case, the forward-scattered
beam. The
presence of moire fringes indicates a mismatch in
the lattice spacings of the two crystals. Therefore,
the film/substrate
interface cannot be coherent; part
of the strain is relieved by the introduction of misfit
dislocations.
A schematic
representation
of the
relationship
between the moire fringe pattern and
the proposed array of misfit dislocations
is shown
in Fig. 12 where one of the misfit dislocations
has
become a threading dislocation (see the discussion
below). The spacings of the [200] and [020] moire
fringes are half those of the corresponding
misfit
dislocations.
In an epitactically
aligned
c-axis
oriented grain, the misfit will be accommodated
by
[100] and [010] misfit dislocations.
In an a- (orb-)
axis oriented grain one misfit dislocation
will be
[001] or a combination
of l/3[001]
dislocations.
These two situations
are shown schematically
in
Fig. 13.
The moire fringe spacing was measured from
Fig. 11 to be 2.20nm. In the general situation the
parallel moire spacing can be calculated from the
formula;

array of interfacial
dislocations
in YBa2Cu3O7_1)
thin-film on MgO was made by cross-section
highresolution
electron
microscopy
(HREM)
studies
[45].
Moire
patterns
can be used
to identify
microstructural
defects
in epitactic deposits.
In
particular,
the presence of threading dislocations
generated during film growth will be revealed in the
moire fringe pattern. If a threading edge dislocation
is present
in the layer it will be visible as a
terminating fringe as can be seen for example at A
in Fig. 11. A number of possible mechanisms
for
introducing
imperfections
during growth have been
discussed by Pashley [44]. The accommodation
of
rotational
displacements
between
agglomerating
islands
that are close
to the exact
epitactic
orientation can be seen in area 8 in Fig. 11. This
situation is shown schematically
in Fig. 14. At a
threading
[ 100] dislocation,
two [200]
moire
fringes will terminate-this
appears to be the most
common
situation
[33,55].
However,
single
terminating
fringes are also found, indicating
the
presence of partial dislocations
[33, 55].
The formation
of epitactic films through
the
coalescence
of misoriented
islands results
in a
mosaic structure as shown in Fig. 6. In some areas
of the interconnected
film, holes remain as the film
thickens. So-called incipient dislocations
are often
observed to be associated with such holes as shown
in area C in Fig. 11. When two moire fringes
terminate on one side of the hole it implies that two
dislocations
would have to be formed if the hole
were to be eliminated and this may be energetically
unfavorable
[27]. A similar area where terminating
moire fringes are present can be seen at D in Fig.
11 where the moire fringes curve as they leave the
hole. Again, if further film growth occurred,
it
might be difficult to fill this hole. A tubular void

( 1)

Where the interplanar
spacings in the overgrowth
and substrate are d1 and d2, respectively.
In this
case,
dI
d200
(YBa2Cu3O1-1i)
or
do20
(YBa2Cu3O7_1>) and d2 = d200 (MgO) giving
predicted spacings for the moire fringes of 2.06nm
(D200) and 2.56nm (Do20). Deviations from these
values can be caused either by elastic strain in the
film or by rotation of the film away from exact
alignment with the substrate or by a combination of
the two factors. The distorted· nature of the moire
fringes in Fig. 11, indicates that not all the strain at
the interface has been relieved. The presence of
misfit dislocations
in thin YBa2Cu3O7_1) films on
MgO was detected by RBS ion-channeling
studies
[13]. Direct evidence for the formation of a periodic
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would therefore remain in the film.
These TEM studies have shown how different
defects can be introduced
into a growing filmthreading
dislocations
(accommodation
of the
rotational
misfit between agglomerating
islands),
grain boundaries
(island
coalescence
and grain
growth) and voids. Other defects have also been
observed in YBa2Cu3O7_5 thin-films, these include;
stacking faults [46,47,60],
twin boundaries
[e.g.,
35], and more recently screw dislocations
[14, 16).
These screw dislocations
were observed to extend
from the substrate/film
interface through to the
surface of the film. It has been suggested that the
screw
dislocations
nucleate
during
growth
at
defects or during island coalescence [14).
Anisotropic Growth of YBa2~Q7_5
Films. It has
already been demonstrated,
Fig. 9a and 9b, that the
anisotropic
growth of YBa2Cu3O7_5 can lead to the
formation
of different
grain morphologies.
This
anisotropy
is clearly demonstrated
in Fig. 15,
which shows
a bright-field
image of a thin
YBa2Cu3O7_5 film deposited on an (001)-oriented
MgO thin-foil
substrate
by pulsed-laser
ablation
[35). The underlying
film is c-axis oriented as
determined by electron diffraction.
The two needlelike grains aligned in orthogonal directions along
the [O 10) and [ 100) directions are grains oriented
with either their a- (orb-) axis perpendicular
to the
film/substrate
interface plane. The formation of this
grain shape is possible if the slow growth direction
is along the c-axis. Similar observations
have been
made in other studies on the microstructure
of
YBa2Cu3O7_5 thin-films [7].
It has been proposed
that because growth is
fastest along directions
normal to the c-axis this
favors growth which is highly oriented parallel Lo
the
c-axis
even
on
randomly-oriented,
polycrystalline
substrates
[26,30).
It
was
demonstrated
in these
two cited studies
that
YBa2Cu3O7_5 films grown on randomly-oriented
substrates
of MgO and YSZ were
oriented
exclusively
with their c-axis perpendicular
Lo the
film/substrate
interface plane, thus illustrating how
growth kinetics can dictate film orientation.

grain boundary

f

Fig. 14. Accommodation
of rotational misfit: (a)
between three small islands, and (b) between two
large is lands.
Homophase Boundaries. A number of studies have
examined
the
crystallographic
re_lationships
occurring
between
YBa2Cu3O7_5
grains
on a
substrate where there is a large lattice mismatch,
for example,
YBa2Cu3O7_5-on-YSZ
[59],
and
YBa2Cu3O7_5-on-MgO
[35,40,45,48].
These
relationships
have been examined using electron
diffraction.
Typical examples of electron diffraction
patterns
obtained
from a laser-ablated
film of
YBa2Cu3O7_5 on MgO are shown in Fig. 16 a-d. A
much larger number of orientations
have been
observed
than those shown
in Fig.
16 [e.g.
35,48,59).
Both
low-angle
and
high-angle
boundaries have been observed (by analysis of SAD
patterns) to form during the early stages of film
growth [36).
The grain boundary
orientations
have been
analyzed in terms of a coincidence-site
lattice (CSL)
theory
and rotations
closely
corresponding
to
special
high-angle
grain boundaries
have been
identified
[59]. The CSL can be obtained
by
imagining that the two misoriented crystal lattices,
e.g., A and B, interpenelrate
one another so that
certain lattice points of each crystal coincide to give
a 3-dimensional
lattice. The fraction of lattice sites
in either grain which are common to A and B is
defined as 1/I. A grain boundary can then be
constructed
by passing
a plane
through
the
interpenetrating
crystals and removing all of the A
points on one side of the boundary plane and all the
B points on the other side. The 2-dimensional
CSL
in the
boundary
plane
describes
the actual
periodicity
of the grain boundary structure
even
when the atoms move from their perfect crystal
sites
to
a
position
with
a
lower-energy
configuration.
It has been pointed out [48) that
since the structure of the substrate and the film is
not the same, instead of exact CSL misorientations,
near-CSL
misorientations
may
be
obtained.
However,
where
individual
crystals
are
kinematically
free to rotate during coalescence
it
was reported
that exact CSL misorientations
are
selected [53).
Although a number of different tilt boundaries
have been observed, the grain boundary structure in
these films has not been characterized.
Critical
current densities across grain boundaries have been

Interfaces

Two
types
of
boundary
are
present
in
YBa2Cu3O7_5
thin-films,
viz;
homophase
boundaries
and
heterophase
boundaries.
An
example of the latter type of boundary
is the
interface
between
the film and the substrate.
Understanding
this boundary is important as many
of the microstructural
features of thin-films
are
found to occur as a result of interactions
at the
film/subs Irate interface.
Homophase
boundaries,
i.e.,
grain
boundaries,
occur
during
island
coalescence
and subsequent
grain growth.
The
structure
and orientation
of the grain boundary
determine
a number of physical properties
of a
polycrystalline
material.
In
particular,
in
superconductor
thin films, it has been demonstrated
that high-angle.grain
boundary junctions can behave
as weak-links leading to a reduction in the critical
current
[11). These weak-link
structures
are at
present the subject of a number of investigations
as
their presence may be important for superconductor
electronic applications.
Both types of interface will
be considered separately below.
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Fig.
15. Bright-field
image showing
elongated
YBa2Cu3O7_0 grains, these grains are oriented with
their c-axis in the interface plane. Insert shows an
SAD pattern recorded from this area of the film.
determined
as a function of misorientation
angle
[l I]. In this study it was found that the critical
current
density
decreased
with
increasing
misorientation
angle. Although it is accepted that
certain high-angle
boundaries
have a deleterious
effect on critical current density, this may not be
the case for all high-angle grain boundaries [1,6].
It is possible that the superconducting
properties of
the boundary correlate with the L value [l] and/or
the deviation from the exact low-L misorientation
[2]. An example of a high-angle grain boundary in a
laser-ablated
film of YBa2Cu3O7_ 0 on MgO is
shown
in the HREM image in Fig. 17. The
misorientation
angle of this grain boundary is ~45°,
which is close to a L = 29 special high-angle
boundary in a cubic material. It can be seen from
Fig. 17 that this boundary is structured and free
from extraneous
phases, due to the low boundary
energy. It may therefore be expected that although
this boundary
may degrade critical current to a
greater extent than a low-angle
grain boundary,
where there will be plane matching across the
interface,
such boundaries
may not damage the
superconducting
transport as much as some other
high-angle
grain boundaries.
The question as to
why grain boundaries
behave as weak-links
is
clearly
complex.
At present,
the
important
considerations
appear to be the microstructure
of
the boundary-the
density of dislocations
and the
presence of a strain, and the chemical composition
of
the
grain
boundary
region-the
oxygen
distribution
at the grain boundary [43].
An approach
which relates
grain boundary
properties
to
macroscopic
properties
of
a
polycrystalline
material
is to approximate
the
polycrystal as a statistical array of grain boundaries
of differing
misorientation
angle. Properties
are
then assigned to the grain boundaries according to
the crystallographic
misorientation
across
the
individual
boundaries
[e.g., 8]. The overall effect
of the grain boundaries
is then determined.
For
YBa2Cu3O7_0 thin-films in the simplest approach,
the boundaries
are distinguished
simply as either

Fig. I 6. SAD patterns
from (a) twin boundary
showing spot splitting and the row of unsplit spots,
(b) 6.5° rotation about [001], (c) 45° rotation about
[001] and (d) 90° boundary between two orthogonal
grains
aligned
with their c-axis lying in the
interface plane.

Fig. 17. HREM image showing a high-angle grain
boundary in a laser-ablated
YBa2Cu3O7_ 0 film. The
misorientation
angle of the two grains is ~ 45°
(courtesy S. McKernan).
low-angle or high-angle;
the grains are connected
that are joined
by low-angle
boundaries
as
illustrated in Fig. 18. The new microstructure
can
be thought of as consisting of a number of entities
much larger than the grain size of the material.
Using this approach,
the problem of describing a
microstructure
becomes a percolation problem and
enables
use of established
data on percolation
theory
and
scaling
properties
of percolation
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Substrate
I

Fig. 19. Schematic showing the general process
film growth proposed for YBa2Cu307_ 0 films
vicinal surfaces (not drawn to scale).
Fig.
18. The formation
of low-angle
grain
boundaries
in
a
simulated
two-dimensional
microstructure
(after D.R. Clarke [8]).

lattice planes of the overgrowth
are rotated,
as
illustrated in Fig. 19, the modified lattice parameter
for the film becomes am, where am = (a 0 /cos 8). If
am is substituted
for ao in equation (2), then the
modified lattice misfit, f', now becomes;

clusters. For superconducting
thin-films it may not
be as simple as describing boundaries as high-angle
or low-angle; it has been demonstrated
that some
high-angle
grain boundaries
can carry significant
supercurrents
[l].
A better
designation
for
superconducting
thin-films may be to classify grain
boundaries
as high-resistance
or low-resistance
boundaries.
Heterophase Boundaries. Some observations
on the
nature of the film/substrate
interface have already
been made. In particular,
the presence of misfit
dislocations
and interfacial strain in YBa2Cu307_ 0
thin-films
[ 13,35,45].
In this section a model for
one
type
of heterophase
boundary
will
be
discussed-that
formed between a film on a vicinal
substrate
[38].
It was stated earlier
that for
YBa2Cu307_ 0 thin-films grown on vicinal MgO, the
[001] zone axes of the film and substrate were not
aligned, instead the [001] zone axis of the film was
aligned
parallel
to the substrate
normal.
This
observation
indicates that growth of YBa2Cu307_ 0
thin-films
on vicinal
surfaces
is a form of
graphoepitaxy.
It is not conventional heteroepitaxy,
where the lattice parameter and the crystal structure
of the substrate
controls the micros tructure. The
result
is that the misfit
at the interface
is
accommodated,
in part, by a tilt boundary which is
superimposed
on the phase boundary.
Fig. 19
illustrates
the general
process
of film growth
proposed here.
Such a mechanism is common in both other
oxide systems [5) and has recently been reported
for metals [12]. The calculated misfit for different
angles of rotation is shown in Table II. In the
situation
where there is no lattice rotation,
the
misfit, f, can be calculated from the equation;
f = (as-ao)
I ao

of
on

(3)
From Table II it can be seen that the lattice
misfit decreases with increasing angle of rotation of
the tilt boundary.
It has been observed that the
FWHM decreases for films grown on vicinal MgO
where the vicinal angle is > 10° [56]. A possible
reason for this observation
is that the mismatch is
significantly
reduced at these high angles thereby
favoring, on energetic grounds, growth parallel to
the substrate normal.
No comparable study has been performed on the
growth of YBa2Cu307_ 0 thin films on a more
closely lattice matched substrate,
e.g., SrTi03 or
LaAI03. However,
growth of YBa2Cu307_ 0 on a
rough SrTi03 substrate showed that the c-axis of
the film was aligned
with the SrTi03
(001)
crystallographic
direction on areas inclined a few
degrees from the (001) direction [23]. This cited
study was not a comprehensive
examination of film
growth on misoriented surfaces, but may provide an
insight into film growth on vicinal surfaces where
there is not a large lattice mismatch.
For the
systems YBa2Cu307_ 0 I SrTi03 and YBa2Cu307_ 0 /
LaAl03 where the lattice misfit is 2.3% and -1. 1%,
respectively,
there may be no reason based on
energetic considerations
for formation of the tilt
boundary
at the
interface.
The
growth
of
YBa2Cu307_ 0 thin-films
on vicinal surfaces is an
area of present interest.

Summary
In summary, the following general conclusions
can be made about the nucleation and heteroepitactic
growth of YBa2Cu307_ 0 thin-films:
* Film growth on non-lattice matched substrates
occurs by an island mechanism.
* Steps on the substrate
surface can act as
preferential
sites for island nucleation and may
thereby influence the microstructure
of the final

(2)

if the s tress-free lattice parameters of the substrate
and overgrowth are a 8 and ao, respectively,
and the
thickness of the film is less than the thickness of
the substrate
[19]. For the situation
where the
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Table II. Variation in lattice misfit with angle of
rotation of the tilt boundary
Angle of Rotation, 0
Misfit, %
( calculated from
e uation 3)
0
10.21
2.5
10.21
5
9.92
8.78
15
6.58
20
3.43

[7] Chan S -W, Hwang DM, Nazar L (1989)
Microstructure of YBa2Cu30?-x thin films grown on
single-crystal
SrTiO3. J. Appl. Phys. 65, 47194722
[8] Clarke DR (1990) Perspectives concerning
grain boundaries in ceramics. Amer. Ceram. Soc.
Bull. 69, 681-685
[9]-Dickinson
PH, Geballe TH, Sanjurjo A,
Hid en brand D, Craig G, Zisk M, Collman J,
Banning SA, Sievers RE (1989) Chemic~l vapor
deposition of YBa2Cu3O1-x superconducting
thin
films. J. Appl. Phys. 66, 444-447
[10] Dijkkamp D, Venkatesan T, Wu XD,
Shaheen SA Jisrawi N, MinLee YH, Mclean WL,
Croft M. (1,987) Preparation of Y-Ba-Cu-O oxide
superconductor
thin films using pul_sed laser
evaporation
from high Tc bulk matenal. Appl.
Phys. Lett. 51, 619-621
[ 11] Di mos D, Chaudari
P, Mannhart
J,
LeGoues FK ( 1988) Orientation dependence
of
grain-boundary
critical currents in YBa2Cu3O7_f>
bicrystals. Phys. Rev. Lett. 61, 219-222
.
[12] Du R, Flynn CP (1990) Asymmetnc
coherent tilt boundaries formed by molecular beam
epitaxy. J. Phys. Condens. Matter 2,, 1335-1341
[ 13] Geerk J, Linker G, Meyer O ( 1989)
Epitaxial growth and properties of YBaCuO thin
films. Mater. Sci. Rep. 1, 193-260
[14] Gerber C, Anselmetti D, Bednorz JG,
Mann hart J, Schlom DG ( 1991) Screw dislocations
in high-Tc films. Nature 350, 279-280
[15] Grabow MH, Gilmer GH (1988) Thin !ilm
growth modes, wetting and cluster nucleat10n.
Surf. Sci. 194, 333-346
[16] Hawley M, Raistrick
ID, Beery JG,
Houlton RJ (1991) Growth mechanism of sputtered
films of YBa2Cu3O7 studied by scanning tunneling
microscopy. Science 251, 1587-1589
[17] Koren G, Gupta A, Giess EA, Sergmuller
A
Laibowitz
RB (1989)
Epitaxial
films of
YBa2Cu307_f> on NdGaO3, LaGaO3, and SrTiO3
substrates deposited by laser ablation. Appl. Phys.
Lett. 54, 1054-1056
[18] Lathrop DK, Moeckly BH, Russek SE,
Buhrman RA (1991) Trans port properties of highangle grain boundary weak links in YBa2Cu307 thin
films. Appl. Phys. Lett. 58, 1095-1097
[19] Matthews JW (1975) Coherent interfaces
and misfit dislocations In: Epitaxial Growth, Part
B, Matthews JW (ed) Academic Press, New York
559-609
[20] McKernan S, Norton MG, Carter CB
(1990) Low-energy
surfaces
and interfaces
in
aluminum
nitride.
Proc. XII Intl. Cong. for
Electron Microsc., Peachey LD, Williams DB (eds),
San Francisco Press, San Francisco, 350-351
[21] Meyer 0, Geerk J, Li Q, Linker G, Xi XX
(1990) Epitaxial growth analysis of YBaCuO thin
films
by ion backscattering
and channeling
spectrometry. Nucl. Instrum. Meth. Phys. Res. B,
45, 483-487
- [22] Meyer 0, Weschenfelder F, Xi _XX, Xio°:g
GC Linker G, Geerk J (1988) Channeling analysis
of i~trinsic and radiation-induced
disorder in single
crystalline high-Tc YBa2Cu3O7 thin films. Nucl.
Instrum. Meth. Phys. Res. B, 35, 292-300
[23] Mitchell TE, Basu S, Nastasi MA, Roy T
(1990) HREM of epitaxial YBa2Cu3O7 thin films.
In: High Resolution Electron Microscopy of Defects

film.
* A number of defects are introduced into the
film during the early stages of growth, for
example,
during
island . coales_c~nce. . These
defects may be important in providing sites for
flux pinning.
* The growth
of YBa2Cu3O7_f> is highly
anisotropic-enabling
formation
of
h\ghlyoriented
films
on
randomly-onented
polycrystalline substrates.
* The large lattice mismatch which occurs
between YBa2Cu3O7_f> and, for example, MgO
can be effectively reduced by a small rotation of
the YBa2Cu307_f> lattice.
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Discussion

with Reviewers

S.J. Pennycook: Can the authors estimate the height
of the steps produced
by their high temperature
substrate treatment (Fig. 3)? It appears that such
steps are significantly
higher than 25A, two c-axis
unit cells of YBCO. They clearly assist the epitaxial
alignment of the YBCO film, perhaps through a
graphoepitaxial
mechanism,
but they may also be
forcing the film to grow in an island mode, since
steps of this magnitude will never decompose into
smaller steps during subsequent
film deposition.
Figure 9 clearly shows that under their deposition
conditions,
with a high density of large steps on the
substrate,
island growth occurs, the film becoming
interconnected
but
not
continuous
after
the
equivalent
of one unit cell has been deposited.
Substrates
as normally
prepared will have very
different nucleation sites, far smaller steps with a
higher
density.
Under
such conditions,
island
coalescence
into a continuous
film may occur
sooner (i.e., by one unit cell thickness) or may be
substantially
delayed. Can the authors comment on
this?
Authors: The heat-treatments
described in this paper
do
indeed
provide
very
different
surface
geometries.
Two points
should
be recognized:
unless a systematic approach is used to prepare the
surface prior to growth the meaning of the phrase
'as normally
prepared'
is not well defined. The
previous treatment of the as-received surface is not
usually given by materials suppliers.
Secondly, an
increasing
number of groups have recognized
that
cleaning treatments such as originally described by
our group do lead to more reproducible
quality so
that such pre-growth
cleaning is becoming normal.
Otherwise,
the reviewers comments are absolutely
correct.
The determination
of the step heights
produced for different annealing conditions
is an
area of present research.
M.F. Chisholm:
You seem to conclude
that the
presence
of Moire
fringes
in the images
of
YBa2Cu3O7_<> islands
on MgO
indicates
the
presence
of
in terfacial
misfit
dis locations.
Assuming
that the observed alignment is through
graphoepitaxy,
do you have any evidence that the
deposit was ever coherently strained to match the
substrate, or are the two lattices like a vernier from
the beginning? Please comment on the nature of the
'misfit dislocation cores' present at this interface.
Authors: Our studies and those of other groups
show that there is usually intimate contact between
the YBCO film and the MgO substrate.
The
presence of Moire fringes thus implies that there is
either a discommensuration
at the heterojunction
or
an array of misfit dislocations.
The observation
of
regions of good match at such interfaces and the
terminating
Moire fringes are consistent
with the
misfit dislocation model. There is no evidence from
our studies that the YBCO formed as a continuous
layer prior to forming the islands although it would
not be possible to identify such a layer with the
Moire-fringe
imaging technique.
The term 'like a
vernier'
would suggest a discommensurate
model
for the interface:
there appears to be no direct
evidence
for such a model,
although
if the
dislocation cores are widely extended, this may be a
closer approximation.
The nature of the cores of the
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misfit dislocations
is still an area of active research
particularly
in view of the observation
that good
quality,
aligned films can be grown on vicinal
surfaces.
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